INTRODUCTION. HISTORICAL BACKGROUND
This paper considers gradients in engineered materials, i.e., predetermined profiles of chemical composition or of microstructural parameters; introduced in order to achieve desired properties.
It is true that gradients in technical components are a well-known feature ever since the beginning of a technology of materials : we may mention case-hardened or nitrided steels, the composition distribution across weldments, segregations and grain shape transitions in alloy solidification, optical glass fibers with a radial gradient of the diffractive index, glass surfaces hardened by ion exchange, metallic surface layers modified by ion implantation, or p-n junctions in doped semiconductors.
However, the concept of gradient materials as it is applied nowadays refers clearly to the introduction of engineered concentration and parameter profile functions, based on quantitative prediction of desired property profiles and/or integral properties. The second essential feature of modern gradient technology is the availability of reproducible fabrication processes which establish precisely the profile function which has emerged from the analysis and calculation at the designer's desk and which is, at the same time, viable on an industrial scale. Summing up these two factors of application-oriented profile design and subsequent realisation of the desired graded struucture, one may indeed speak of the introduction of gradients into a structural or functional component as a general design tool; it offers an additional degree of freedom for the optimisation of materials for technical systems. The Japanese scientists and engineers which have played hitherto a leading role in this field have introduced the acronym of FGM (Functional Gradient Material) which is now widely accepted -though probably not all laboratories or industries which are active in gradient technology consider themselves as members of the "FGM community ".
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To the author's knowledge the notion of gradient materials was historically first elaborated in international scientific journals in 1972, when M.I.T. metallurgist M.B.Bever published the results of a "brainstorming" (1)(2). Though Bever's work had been financed by the U.S. Advanced Research Projects Agency, there was no immediate follow-up. It was not before 10 years later that a "Gradient Metallic Alloys Program" at the Michigan Technical University at Houghton MI resulted again in a number of publications or conference reports (3)(4). At the same time, a national development program for a commercial supersonic space shuttle had been started in Japan; the crucial thermal barrier coating problem for this ambitious vehicle became the objective of a very large large R&D program on gradient materials. Early results have been published first in Japanese only, then sporadically during international conferences, e.g. (5). The program gained rapidly momentium and led to impressive results which were presented in 50 (out of 70) contributions to the "First International Symposium on FGM" in Sendai, 1990 . The conference proceedings were published in English (6), but have unfortiunately never been really accessible to the western public.
Simultaneously, individual activities of some laboratories have been started in Germany (7), Switzerland (8)(9), France (10)(11)(12), Belgium (13), Finland (14); this list is not complete. Informations show that there is a particular interest now arising in the German industry; however, there are as of yet no publications. Short recent overviews can be found in (15)(16). A very good representation of the state of the art could be observed in October 1992 during the Second Intematl. Symposium on FGM, in San Francisco; the proceedings are presently (summer 1993) being published in the J. of the Am. Ceram.Soc.. The next international review will be held during the Third Internat. Symposium on FGM, 1994 in Lausanne (17).
It should be mentioned that also in the present EUROMAT 93 conference, several contributions are expressly dealing with graded structures: they carry the numbers C.207, C.210, C.419, and C.463.
SOME FUNDAMENTAL CONSIDERATIONS
The ideal case of a compositional gradient material may be seen in a binary Cu-Ni alloy, because of its unrestricted solid solubility. This is of course a consequence of the similarity of these two constituents (atomic numbers 28 and 29, stable fcc structure, slight difference in electronic shucture accounting for the ferromagnetism in nickel). Concentration profiles between 0 and 100% of either metal may easily be realized in the Cu-Ni system,$g. I ; no special thermodynamic effects are to be expected.
The situation changes however if solid solutions with limited solubility (such as Cu-Zn, Cu-Sn) are investigated: according to the classical theory by Cahn and Hillard (18) a notable gradient contribution to the free enthalpy of mixing, proportional to (grad c)2, is to be expected. This term may influence the nucleation rate during phase transformations; one example is the solid state amorphisation reaction (19) in multilayer systems, which has been linked to the gradientsquare-concept of Cahn and Hilliard by Desr6 (20).
Going one step further, we may add a third alloying element like 2 -10 % of Sn, leading to CuNi-Sn alloys which are known for their tendency of spinodal decomposition (21); this process is also strongly dependent on the above-mentioned gradient-square term. However, for composition gradients in the range of 1%/pm , this term is too weak to cause special effects.
Interest focuses here on graded decomposition of the solid solution following the concentration profile in such a way that some regions become hardened during an appropriate thermal treatment, while others stay soft and ductile, fig. 2 (22) . If however multilayer structures with a laminar spacing of 100 nm or less ( equivalent to lo3 %/pm ) are prepared, an influence of the gradient on the stability of the supersaturated alloy and on decomposition morphology is to be expected.
Until this point we have neglected the important effect due to property changes following the variations in composition. The simplest case is the change in lattice constants which (under nearequilibrium growth conditions) causes a bending moment in a beam with a monotonic gradient, while it gives rise to a central zone subjected to tensile stress and two outer layers with compresive stress states (or vice versa) in the case of a symmetrical gradient, seeflg. 3 . This effect is magnified if the gradient specimen is subjected to temperature changes, since the coefficient of thermal expansion (CTE) will normally depend on the local composition. This effect may find "active" and "passive" applications : as an example, in gas turbine blades thermal fatigue damage is produced in a material of homogeneous composition due to temperature gradients introduced by the exposure of the blade surface to a hot gas stream, the interior of the blade being air cooled. By employing composition gradients controlling the CTE-profile within the cross-section of the blade, the crack initiation life might well be considerably increased.
The last example leads into consideration of the elastic modulus E as a function of composition and of the resulting elastic stresses. Let us assume that a Cu-Ni single crystal with a l-dimensional composition gradient is condensed or electroplated onto a Ni substrate. Ideally, subsequent layers will form under constraint, since their lateral interatomic distances have to be adjusted to those of the substrate, thus being in a stress state with a corresponding surplus energy. As the misfit stress increases, the system tends to adopt a lower energy configuration by creating a particular dislocation pattern (of equal sign) which compensates for the differences in lattice parameter. It is worthwhile mentioning that in the case of such a gradient, the introduction of dislocations lowers the total strain energy, in contrast to the situation in homogeneous crystals, where each unit length of dislocation increases the strain energy by a Gb2contribution. Thus, one expects neither annealing nor recrystallization if one increases the temperature of such an arrangement. Of course, with sufficiently high temperature, longe-range diffusion processes will be activated. They are driven by the much larger chemical potential gradient and will level off the composition gradient altogether, with all associated strain energies. With this in mind, one can easily combine the above-mentioned CTE-effect and that of the composition-dependent modulus; one will be led to discuss i) the case of a homogeneous, but varying temperature field within the gradient specimen, and b) that of a temperature gradient which is superimposed on the composition gradient. For the sake of space, this exercise will not be performed here.-It should be underligned that the relation between composition and modulus has not only consequences in static deformation, but also in dynamic (acoustic) behaviour: different layers of a gradient material will exhibit different velocities of sound as well as different attenuation of vibration. The ballistic impact resistance of graded Cu-W-composites is an example.
At this point, a summary of basic or theoretical problems concerning the structural integrity of gradient materials may be appropriate :
(i)
In order to facilitate communication between FGM research groups as well as with industries wanting either to produce or to apply such materials, a standardized quantitatrive description of gradient structures must be developed. This is by no means an easy task, since most gradient materials are multiphase so that sizes, form factors, crystal orientations etc. of all these phases must be evaluated, together with integral stereological parameters like contiguity, openness of porosity etc.. Quantitative image analysis and microscale chemical analysis have to cooperate for this purpose.
(ii)
The response of components with graded structures to externally applied stress as well as the development of residual stresses due to the fabrication, heat treatments or service loading, and the superposition of both, is another complex question which needs to be approached. This implies the use of continuum mechanics and of finite element calcuIations adapted to the principal feature of structural gradients.
In a gradient material, the transition from elastic deformation to plastic flow ("yielding") as well as the initiation and propagation of cracks is obviously localized within the specimen. Interaction between "soft" and "hard" regions, the boundaries of which change continuously, determines the overall behaviour. The integral mechanical response of a graded component will be characterized by these gradual transitions. On a microscopic scale, damage initiation at interfaces as well as microplasticity at crack tips is governed not only by the inhomogeneous stress distribution but also by the varying local composition, grain size etc..
(iv) In many applications, gradient components or graded layerslcoatings are exposed to constant or alternating heat flow conditions, often with very high temperature gradients. Realistic temperature profiles must be calculated, taking into account the composite character of most FGM's. This has to be done for any given structure (see i), and the resulting thermoelastic stresses have to be evaluated, too, including transient phenomena.
(v)
Repeated (periodic) loadinddeloading, either of a mechanical or a thermal nature, may lead to degradation of the material (fatigue dmage); this may on first sight appear to be similar to that in macroscopically homogeneous materials, but is nevertheless modified by the principal graded structure. At elevated temperatures, multiphase gradient materials are additionally subject to microstructural changes by Ostwald ripening, which again is different in the different composition layers. Moreover, gradient materials which are exposed to elevated temperatures for very long periods of time are inherently instable because of diffusion which will level off the concentration profile.
Though all of these problems have been addressed by some scientific publications in recent years, one is still far from the level of knowledge and understanding which is a prerequisite for broad industrial application.
AREAS OF APPLICATION
The primary reason for the introduction of gradients into materials technology is the realization that, as a rule, one single material cannot be optimized with respect to combinations of mechanical, thermal and chemical loads to which a given component may be subjected. The complexity of the task is generally even increased by considerations of environmental compatibility, availability and cost of raw materials, aptitude for re-uselrecycling, biocompatibility, decorative appearance. The typical case is represented by a load bearing structural member being exposed to very high heat flow, corrosive ennvironment, erosive wear, particle irradition. The first-order technical answer to this sitution is either surface modification or coatinglplating. The latter solution is often more difficult and costly to achieve, but on the other hand more efficient: the core material as well as the coating may both be optimized individually -without compromisingto fulfill their respective tasks. The problem area of this strategy resides not in the two materials which form the component but in the interface between them, more precisely: in the strength and durability of adhesioti between substrate and coating.
Adhesion across the substrate-coating interface as well as interfaces in bulk two-component parts, or in multilayer systems, suffers from two problems: (i) the weakness of bonding from one material to a quite different one, and (ii) the residual stresses which develop during fabrication or heat treatment. It is true that some organic glues (e.g. the well-known epoxy resin systems) exhibit adhesive strengths being superior to the practical cohesive strength of either one of the adjacent materials; if they are applied and used at room temperature, there will be no major problem of internal stress either. There is however a large and important field of applications where this type of adhesive joining is impractical, due to temperature and other boundary conditions. Hence, alternative solutions are in demand.
The first answer of materials engineers facing interface problems between two materials has been to incorporate an intermediate layer which helps to create a certain transition. Often, practical experience shows that this is still insufficient, so that a second intermediate layer is applied. Pursueing this design strategy leads logically to a nzultilayer concept with a step function of properties leading from material A to material B. Now, instead of trying a combination of 2 or more individually different layers, one may as well advance one step further and conceive a continuous function (with a gradient) leading from A to B . This can be achieved either by a continuous change of solid solution composition, or by a continuous change of the volume fraction of two (or more) immiscible phases. This is indeed the basic concept for the application of gradient materials. -In the following some applications which have been recently discussed will be briefly mentioned.
Thermal barrier coatings stand behind the successful Japanese FGM program. The technical challenge was the accomodation of extreme transient heat flow during re-entry of future commercial space shuttles. Temperature differences in the order of 1000°C have to be supported in structural components of approx. 3 mrn thickness. The problem solution is based on sheet-like components changing gradually from 100 % ceramic (PSZ) at the outside to 100 % metal (austenitic steel) at the inside. These components have been developed in the course of a coordinated effort by research institutes and industry, following an initiative of the National Aerospace Laboratory NAL (M.Niino, A. Kumakawa).
Similar types of ceramic-metal graded transitions have been suggested to be useful in other areas of technology, whenever high energy beams hit cold container walls: nuclear fusion, combustion, plasma, electron beatn, and laser technology. An alternative combination in the form of two insoluble metals which is addressed by several reserach teams is graded W-Cu ( 23). Also, FGM-type TiB2 -Cu has been proposed for combustion nozzles , N. Sata, see ref.
(24).
Metal-to-ceramic bonding is of principal importance for numerous technologies, in particular in electronic manufacturing. This is a classical field of intermediate and "activating" layers, often on a pm-scale. Supposedly, improved solutions will be found by using graded transitions.
Joining technology in general, also on a macro-scale (welding, brazing, soldering, diffusion bonding) is of primary importance for the assembling of mechanical and electrical systems. Concentration profiles across welding seams are well known, and in the case of diffusion or friction bonding, they appear as essential features of the process. "Engineering", i.e. systematic calculation and development of optimal concentration profiles, contributes to the quality of the joints. As an example, the manufacturing of power station equipment involves frequently the welding of austenitic to femtic steel components; industry is well aware of the role of graded transitions between these two types of steel.
Metal cutting and rock drilling tools are characterized by the highly localized and vibrating mechanical stresses needed to form metal chips or to separate bits of rock by brittle fracture. High speed of the operation has to compromise with the need for elimantion of the heat (which is generated by mechanical work) and the economical demand for maximum tool life. WC-Co and diamond-Co are, respectively, the basic materials solution for the two operations. Carefully designed gradients of size, shape and volume fraction of the abrasive constituent are expected to increase the "quality product"of cutting speed times tool life.
Corrosion protection of metallic and non-metallic structural components in particular at high temperatures is a technically important task. Gas turbine blades, e.g., are usually protected by multiphase intermetallic overlays ("MeCrAIYM). In view of the heavy thenno-mechanical fatigue exposure, the adherence problem is a very serious one. This is obviously a typical task for a gradient solution. -As another example, amorphous carbon or C-C composites suffer at high temperatures from lack of oxidation resistance. While S i c represents an efficient protective layer, its lattice constant and expansion coefficient do not match well with those of carbon. However, graded layers C-Tic-Sic may be used to advantage as a contribution to solve the problem.
Quality gear wheels and other functional components of machine industry are important consumers of costly alloy steels. One may obtain better materials economy at even better performance by introducing gradients, reserving the alloy steel to places where it is indispensable. This development is already in an industrial stage. Direct electric energy conversion by photovoltaic, thermoelectric or electrochemical processes (such as the Solid Oxide Fuel Cell) is being considered as a major target of gradient materials development. The reason is that the basic physical effects involve as a rule contacts between different materials (metals and others) operating for long times at elevated temperatures. The gradient concept may thus increase lifetime as well as efficiency of these devices. In view of the hope for a substantial contribution of rhese technologies to world energy production, any successful development in this direction would imply large-scale production.
Opticlal and optoelectonic applications. The glass fiber with its radial gradient of the diffractive index is a "classic". However, newer developments may apply graded changes of optical wave transmission and absorption parametes on a larger scale for new types of lenses etc.. A twophase combination with glass particles in a polymer matrix is also likely to be an interesting element of optoelectronic systems.
Piezo-and ferroelectricity is actually in the center of interest of many ceramic and solid state scientists, aiming at novel sensors and actuators. An important perspective for gradient applications iiis visible within the non-stoichiometric inorganic compounds which are the basis of these technologies.
Biomaterials for bone replacement have primarily a mechanical function. However, biocompatibility with respect to surrounding tissue and fluids is of equal importance if an implant shall stay within the patient's body for a long period. Biocompatible inorganic materials are well known and can in principle be used as coatimgs, but again the adherence problem is very important, and ceramic-ceramic gradient transitions should be very helpful.
More details as well as hints to further applications are given in an overview article (24).
PREPARATION I MANUFACTURING OF GRADIENT PARTS
Whether the new concept of graded materials for structural or functional purposes finds acceptance among design engineers, and thus widespread industrial application, depends largely on the availability of processes for the preparation of such components. Indeed, fabrication is the more adequate term, because a viable method must be applicable either to rapid prototype forming, or to the rapid and reproducible production of large numbers of flawless pieces. The present situation has not yet arrived at this level, and efforts to improve or speed up production lines merit priority; their success will decide on whether FGM may enter in, e.g., parts for the automotive industry, or remain an exotic species in outer space applications.
A common feature of all processes is that they must have an element which somehow builds up the concentration profile -either layer-by-layer in the case of a "1-D-FGM" or point-by-point for a 3-dimensional graded part. A continuously graded or at least stepwise process is the key to FGM production. With this in mind, one may classify the existing methods as follows:
Preparation from the gaslvapour phase :
All CVD and PVD processes are principally applicable, though the number of materials which are suitable for this line is somewhat restricted. Gradient control is effected by gas flow rates and/or temperature. Low rate, thin layers only.
Preparation from liquid phase :
-Segregation during solidification of bulk melts or melt films may be used: However, control of the melt concentration at the solidifying interface is difficult.
-Liquid dynamic solidification (i.e. the "Osprey process") : Here, an alloy melt is "atomized"
by an inert gas jet and projected against the target surface where the droplets are rapidly quenched and solidified. Commercial pilot plant and production level installations exist, also with 2 nozzles for gradient feeding. The process is nevertheless not an easy one to control. The typical product is a relatively large slab or ingot. If thin dimensions are demanded, it must be kept in mind that forming of graded materials is until now a non-developed technology.
-Thermal and plasma spraying : A solid powder mixture can be transformed into a liquid spray by heat transfer either from a hot gas (flame) or from a gas plasma. The solidification mechanism is similar to that of the Osprey process. The main advantage of spray deposiition methods is the large know-how accumulated in manufacturing industry and the availability of high performance equipment.
-Electrolytic deposition can be applied either as surface plating or as electroforrning of free standing bodies. If adeaquate solutions for electrolytes, potentials and current densities can be found for a given alloy system, the process can from the highly developed know-how and equipment of the galvanotechnic industry. Though deposition rates are very low, the use of properly aggregated cathodes can easily multiply a given shape by factors of 1000 and more, so that reasonable production rates can be achieved -thin wall thicknesses only ! The incorporation into the gradient of separate fillers or functional particulate phases is possible.
Preparation from solid phase : -Solid state di@aiott may be applied to i n d u c e 1-D gradients into sheet specimens of limited thickness, provided the existence of a suitable solid solution range. These graded sheets may be afterwards stacked and compacted ("pack rolled"), thereby yielding "multigradient structures" (H. Feichtinger, priv. cornm.). A limitation exists not only because of the limited diffusion path at a given temperature, but also because of the constraint due to the thermodynamical functions of the system which leave no freedom for the introduction of pre-determined concentration profiles.
-Powder-metallurgigal methods are very suitable for gradient fabrication and may also be based on a highly developed technology. The problems are essentially twofold : (i) how to obtain the graded green body and (ii) how to sinter the graded green body at one sintering tempreature while its composition is varying with the position within the specimen. Concerning the first problem, severaI solutions have been proposed and tested: The simplest one is to replace the gradient by a step-function corresponding to e.g. 7 powder compositions, to prepare these 7 mixtures and to fill a vertical form subsequently by predetermined quantities of these mixtures. Another method uses powder feeding via a capillary and an x-y-table; in this way, even 3-Dstructures may be realized. -In the centrifugal method (8), the powder mixture is fed into the center of a centrifuge and projected towards the outer wall, where the powder will gradually form a ring with the desired concentration profile. -The problem of inhomogeneous sintering rate within a gradient has been satisfactorily solved by adaption of powder size and "activation". Binders are used to stabilize the green bodies, which means that techniques similar to metal injection moulding may be applied.
-Self heating synthesis (SHS) is an alternative to sintering in a furnace, making use of the enthalpy of formation of several intermetallic compounds, carbides etc. from their elements. After ignition, the heat of reaction is sufficient to keep the specimen at sintering temperature. However, the microstructural quality needs normally application of pressure during or after sintering (HIP).
-Injiltration of a liquid metal into a presintered skeleton of the higher-melting component has also been reported as a method for the preparation of gradient materials; obviously, the skeleton must be prepared with a gradient of (open) porosity which is than filled by the liquid component.
-The powder mixture can be projected as a fine jet onto the target surface where it encounters a precisely focused laser beam; in this way, the powder is immediately and in situ sintered to the surface, forming the solid body,.This type of rapid prototyping processes is, however, still under development.
CONCLUSIONS
To become a reliable and widely accepted technology, gradient materials need still to improve in a number of aspects : (i) Theoretical command of the stuctural, mechanical and electromagnetic properties (ii) Development of a few model applications with a pilot function -like the metalceramic thermal barrier coatings. (ii) Streamlining of the many existing fabrication methods with the aim of establishing some fast, cost-efficient, reliable production lines which can make FGM's competitive on a market with low profit margins. (iv) (Not dealt with in this article): Establishment of standardized testing and inspection methods for gradient materials.
In addition, the present author shares the opinion of some of his colleagues who insist on a certain priority for the development of gradient materials in the field of functional materials for electromagnetic, optic or biochemical appication; he feels that more investigations should be directed towards the effects of gradients of the molecular structure in polymer systems.
